Ferroelectric materials are widely studied for optical applications. In the presence of an imprint electrical field, the various properties of ferroelectric materials, such as strain, permittivity, and refractive index, can have memory effects on two stable values in the absence of an electrical field depending on the polarization state. In this paper, the possibility of the refractive index memory effect was examined. Using a lead lanthanum zirconate titanate (PLZT) optical switch with a prism-shaped electrode, it was confirmed that the refractive index has two stable values with the control of imprint electrical field. Under pulsed voltage operation, this optical switch demonstrated the above memory effects. By using this operation, the energy consumption decreases, and a simple operation becomes possible.
Introduction
Lead lanthanum zirconate titanate (PLZT) is a transparent ferroelectric material that has various nonlinear electrooptic effects, such as variable birefringence, variable light scattering and variable surface deformation. [1] [2] [3] [4] Many optical scanners and optical switches utilizing those effects have been widely studied. [5] [6] [7] [8] Such traditional devices need an external electrical field to remain at a certain value.
Recently, our group has focused on a memory effect utilizing an imprint electrical field. An imprint electrical field is observed mainly in thin films and has been conventionally researched on in order to prevent the phenomenon. 9) We have pointed out that the various properties of ferroelectric materials, such as strain, permittivity and refractive index, can induce memory effects in the presence of an imprint electrical field induced by applying a high voltage electrical field to ferroelectric materials at a high temperature for a long time. 10) A shape memory piezoelectric actuator has been demonstrated by this technique. In this study, the memory effect on refractive index is studied using PLZT as an optical switch. This optical index memory switch realizes pulse operation, and enables the maintenance of the on or off state in the absence of an electrical field; thus, the energy consumption decreases, and a simple operation becomes possible.
Principle
When a laser penetrates PLZT with a prism-shaped top electrode, it goes straight in the absence of an electrical field. On the other hand, in the presence of an external electrical field, the optical path is refracted due to the modification of the refractive index under the top electrode of PLZT (Fig. 1) . If the lanthanum value of PLZT is around 8%, the relationship between refractive index and applied electrical field is shown by the butterfly-shaped curve, shown in Fig. 2 . Usually, during the control of refractive index, polarization is kept in certain directions. For example, for refractive indexes of 2.49 in the absence of an electrical field and 2.50 in the presence of an electrical field of about 2 kV/mm, the modification angle is calculated to be 0.01, which corresponds to a 1 mm shift 100 mm away from the PLZT output surface. This value is sufficient for practical application in optical switches.
It has been thought that the butterfly-shaped curve of refractive index is symmetric against electrical field; thus, there is no memory effect even with polarization reversal. However, in the presence of an imprint electrical field, the relationship between refractive index and applied electrical field shifts to the horizontal axis, as shown in Fig. 2 ; then, two stable refractive indexes can be maintained depending on the polarization direction. The imprint electrical field is sometimes observed in research on ferroelectric thin films for ferroelectric random access memory (FeRAM) devices.
11) The residual strain or lattice defect at the boundary surface must be related to this electrical field; however, the conclusive mechanism of this imprint electrical field is unclear until now. This imprint electrical field is a serious problem in FeRAM research; however, it is the principle phenomenon in this study.
An optical switch using PLZT in the presence of an imprint electrical field with a prism-shaped top electrode has two stable optical paths in the absence of an electrical field, and each path can be selected by controlling the polarization direction by adjusting pulsed voltage. 
Electrical Imprint Control
Prior to the memory effect of the refractive index, the controllability of an imprint electrical field was examined by measuring permittivity change vs applied electrical field. A PLZT (Zr : Ti ¼ 65 : 35, La = 8.19%, 5 Â 5 Â 0:5 mm 3 ) substrate was used. On the entire surface, two electrodes were pasted with conductive adhesive (DOTITE 705A). To apply an imprint electrical field, a 2.5 kV/mm electrical field was applied in the thickness direction for 10 h at 120 C in silicone oil.
To measure the bias-field-dependent permittivity of PLZT, a low-amplitude (2 V pp ) high-frequency (100 kHz) sinusoidal wave was superimposed on a driving triangular wave with an amplitude of 1 kV pp and a frequency of 0.01 Hz. The electrical field was supplied from a function generator (NF WF1974) through a high-speed amplifier (NF 4010, M-2601). Electrical current through PLZT was measured by a current probe (Yokogawa 700938). Using a lock-in amplifier (SRS SR530), the current amplitude at 100 kHz was detected. From the current amplitude, applied voltage amplitude at 100 kHz, and PLZT dimensions, permittivity change was calculated.
The relationship between permittivity and electrical field is shown in Fig. 3 . Before the electrical imprint field treatment, the relationship between permittivity change and applied voltage was symmetric. In the presence of the imprint electrical field, PLZT obtained an internal electrical field. It was confirmed that there were two stable permittivities in the absence of an electrical field. The internal electrical field induced by the imprint electrical field was thought to shift permittivity, so it was expected that other properties of PLZT, such as strain and refractive index, would also induce the memory effect.
Fabrication of Optical Switch
An optical switch that uses a PLZT plate was fabricated (Fig. 4) . The PLZT dimensions were the same as the previous ones. On one side of PLZT, a rectangular parallelepiped bottom electrode (brass, 5 Â 5 Â 30 mm 3 ) was connected to the PLZT with conductive adhesive (DOTITE 705A), and on the other side, a prism-shaped top electrode was connected to the PLZT with conductive adhesive, as shown in Fig. 1 . After fabricating both electrodes, their side surfaces were polished to enable the penetration of the laser beam using a precision polishing machine (Musashino Denshi MA-150). 
Control of Refractive Index
With the optical switch, refractive index controllability was examined. The laser (633 nm, 0.8 mW, 0.48 mm spot Edmund 61318-I) went through PLZT, and electrical voltage was supplied from a function generator (NF WF1974) through a high-speed amplifier (NF 4010, M-2601). A twodimensional position sensor (Hamamatsu Photonics S1880) was set at 300 mm from PLZT to detect the modification of the optical path. In the presence of a high electrical field at a high temperature, an imprint electrical field could be controlled as explained previously. However, in the presence of an external electrical field higher than the coercive field, it became difficult to transmit the laser, and a small intensity of the laser after penetrating PLZT made it impossible to detect the optical path using this two-dimensional position sensor. This unique phenomenon must be related to the domain structure. When the poling direction was reversed, the transmissibility of PLZT was suddenly increased. These results indicate that the high transparency of PLZT is realized with random directional polarization. The detailed mechanism of this phenomenon is under investigation.
Without the imprint electrical field treatment, the shift in refractive index was observed, as shown in Fig. 5 . This graph was modified by smoothing treatment for noise reduction. The y-axis in Fig. 5 , sin , shows the optical path angle change, which corresponds to the refractive index change. This phenomenon was detected after some experiments with a relative large electrical field. From these stable positions in the absence of an electrical field, one optical path could be selected by controlling the polarization direction.
Using this sample, the optical path was controlled with pulse voltages, as shown in Fig. 6 . The applied pulse voltage was AE1400 V, and the pulse width was 86 ms. Without an electrical field, the refractive index maintained a stable value and was controlled depending on the polarization direction. The imprint electrical bias was insufficient owing to unoptimized conditions. Moreover, the optical path change was not sufficient. However, from this result, the refractive index memory effect was successfully demonstrated.
Conclusions
The principle of an optical switch utilizing refractive index memory induced by an electrical imprint was proposed and a PLZT optical switch with a prism-shaped electrode was fabricated. It was found that an electrical imprint can be controlled with a relatively high electrical field at a high temperature. Furthermore, refractive index can be controlled by adjusting pulsed voltage. It maintained a certain value depending on the polarization direction. In our next work, the detailed mechanism of an imprint electrical field will be investigated, and the optimum conditions for an appropriate imprint electrical field will be determined. T. OHASHI et al.
